Summary.-This paper reviews data relating to obstetric radiography from the Oxford Survey of Childhood Cancers, i.e. for deaths in Britain from 1953 to 1967.
Some 8513 cases were traced and used in the analyses, together with an equal number of matched controls. The relative risk estimate (1.47 overall) does not vary significantly between different tumour groups, for different ages at death, nor between sexes. Other epidemiological factors-sibship position, maternal age, social class, region of residence and maternal morbidity-are analysed and show varying degrees of association, but not sufficient to " explain " the observed risk in terms of a selection effect. The dependence of the risk on the number of films exposed is highly significant and adequately described by a linear relationship. The timing of and reason for the exposure are also examined. Analysis of the risk by year of birth shows a pattern of steadily declining risk for both solid and haematopoietic tumours; this may be partly attributable to lower radiation doses per film exposed but is also due to the smaller numbers of films used. A consequence may well be that the risk-always of small clinical significance-would become virtually undetectable in future investigations.
THE OXFORD SURVEY OF CHILDHOOD CANCERS (O.S.C.C.) is an ongoing retrospective study of all children dying from malignant disease in Britain since 1953. Originally covering only deaths under the age of 10 years, it has since been extended to include registrations of live cases and children up to 15 years of age.
The main finding of this survey has been the effect of pre-natal irradiation of the child, first reported by Stewart et al. (1956) . The initial results were soon confirmed (Stewart, Webb and Hewitt, 1958) , the data then indicating a doubled risk of an irradiated child developing malignant disease before the age of 10 years.
Not surprisingly, this important finding aroused considerable interest and controversy. The Oxford data were subjected to close scrutiny and a number of criticisms were made. In particular, the retrospective nature of the Oxford Survey, with its partial reliance on mothers' memories, could clearly be introducing some degree of bias.
For this reason a number of prospective studies were undertaken. The largest of these was carried out in the Northeast United States and traced the number of cancers and leukaemias among almost three-quarters of a million children born in 37 large maternity hospitals, chosen for the adequacy of their radiological records (MacMahon, 1962) . (Although the information was obtained in a retrospective fashion, it is fair to regard MacMahon's survey as being technically prospective; certainly it eliminated the possibility of bias between cases and controls.) It is probably true to say that this study clinched the scientific issue first raised by the Oxford Survey.
MacMahon estimated the risk at 1 42, which was at first sight much lower than that obtained in the Oxford Survey. This was probably due to various small biasses in the latter, to the fact that it is easier to standardize for various concomitant factors in a prospective study, and also to the fact that the risk over this period had almost certainly declined owing to improvements in radiographic techniques.
The results of the two surveys are therefore more compatible than at first appears. In the meantime, however, several other smaller prospective studies had been conducted but with inconclusive results mainly, it would seem, because of inadequate sample sizes. The study of Court Brown, Doll and Hill (1960) , for example, though large enough to have a good chance of detecting a twofold increase in true risk, as anticipated from the early findings of the Oxford Survey, would not have attached statistical significance to a 5000 increase in observed leukaemia rates. In fact there were fewer cases observed among irradiated children than the expected number (9 against 10.5) and, though in retrospect this could well have been due to chance, it seemed at the time to cast some doubts on the Oxford claim. MacMahon (1962) reviews the situation admirably and writes: " In summary, . . . none of these (7) studies was of sufficient size to distinguish between the hypothesis of no increased risk and that of an increase of 40% (a relative risk of 1.4), as observed in the present study." The problem is, of course, that a prospective study needs to be very large to have a fair chance of detecting an aetiological factor for such a rare condition as malignant disease in children.
The most recent prospective study to be conducted (Diamond, Schmerler and Lilienfeld, 1973) has also produced somewhat equivocal results and in view of the reduction in dosage with modern radiography, it is quite probable that MacMahon's survey will remain the definitive prospective study. Meanwhile, the Oxford Survey is in a unique position to investigate more complex relationships between the different factors.
Although most of the scientific world has accepted the evidence for the carcinogenicity of low-level irradiation (Mole, 1974) , there is still a lingering controversy, which is based mainly on the incompatibility of the risk-per-rad estimates obtained from the Oxford Survey on the one hand and from the ABCC data on Japanese bomb survivors on the other. The main argument currently hinges on the comparability of the x-rayed and non-x-rayed mothers, examined below.
The main object of this paper, however, is not the critical examination of the arguments for and against the existence of a low level radiation risk; rather we wish to accept it as a premise and examine the O.S.C.C. data with regard to the other information available.
One of the interesting possibilities that arises once this premise is accepted is the identification of the radiogenic cases as a distinct group and the differentiation of their characteristics. The difficulty with this is that even with a relative risk of 1.5 and a population x-raying frequency of 10%, only about 5 % of all cases are of radiogenic origin. This means that some fairly sophisticated techniques are required to estimate the probabilities and distributions involved (Kneale, 197 1) . Rather than repeat these arguments and analyses here, we shall confine ourselves to a relatively straightforward description of the data. The only technical excursion to be made is an analysis to standardize the risk estimates at different ages at death for birth cohort and vice versa (see also Bithell, 1975) .
DESCRIPTION OF THE DATA AVAILABLE
As mentioned above, the Oxford Survey is a retrospective or case control study, i.e. each " case "-or child dying from malignant disease is matched with a " con-trol "-a healthy child of the same age and sex and resident in the same region. The records collected were based on interviews with the children's mothers, using the same interviewer for each child of a pair. Records of pre-natal irradiation were then validated as far as possible by collecting the records of ante-natal clinics, general practitioners and, where relevant, maternity hospitals. Further details of the procedure are given in Stewart et al. (1958) and in Hewitt, Sanders and Stewart (1966) .
This paper is concerned with deaths from tumours in the years 1953-67, of which there were over 12,000. However, certain categories have been excluded from the analysis, as follows: (a) cases not traced or matched with a suitable control (27%); (b) adopted children, for whom records of pre-natal irradiation are very rarely available (0.7%); (c) cases found to have benign, dubious or negative pathology (14%); (d) twins, whose pre-natal irradiation rate is very high and who are under-represented among the controls (2.2%) (see Mole, 1974; Stewart, 1973 Lymphatic M 0-6 1-8 4-2 7-4 10-6 13-3 15-5 17-4 18-9 20-2 21-3 22-5 23-6 leukaemia F 0-6 2-0 3-9 6-5 9 0 11-4 13-1 14-5 15-6 16-5 17-4 18-1 18-7 Tot 0-6 1-9 4-1 6-9 9-8 12-4 14-4 16-0 17-3 18-4 19-4 20-4 21-3 Myeloid M 0 5 1-2 1-9 2-8 3-6 4-4 5 0 5-6 6-1 6-6 7-2 7-8 8-4 leukaemia F 0 5 1-2 1 9 2-6 3-1 3-7 4-3 4-9 5-4 5-8 6-4 7 0 7-7 Tot 0 5 1-2 1-9 2-7 3-4 4-1 4-7 5-2 5-8 6-3 6-8 7-4 8-0 Allleukaemias M 2-0 4-7 9 0 14-5 19-7 24-4 28-2 31-5 34-3 36-8 39-2 41-4 43.7 Lymphomata M 0-4 0-8 1-4 2-2 3 0 3-9 4.9 5.7 6-7 7-6 8-4 9-3 10-4
etc.
F 0 3 0 5 1 0 1-2 1-6 2-0 2-5 2-9 3-2 3-6 3-7 4-1 4-6
Tot 0-4 0 7 1-2 1-7 2-3 3 0 3-7 4-3 5*0 5-6 6-1 6-7 7-6
Wilms'tumour M 0.5 1-2 2-3 3-3 4-1 4-7 5-1 5-3 5-4 5-6 5-7 5-7 5-7 F 0-3 1-2 2-1 3-1 4-1 4-9 5-3 5-7 5-8 6-0 6-1 6-2 6-2 Tot 0 4 1-2 2-2 3-2 4-1 4-8 5-2 5.5 5-6 5-8 5.9 5-9 6-0 Malignant M 1.0 2-4 3-8 5-1 6-7 8-3 9-6 10-9 12-3 13-7 15-1 16-4 17-6 CNStumours F 0 9 2-0 3-2 4-3 5-5 6-8 7-9 8-9 10 0 11-2 12-1 12-8 13-6 Tot 1P0 2-2 3-5 4-7 6-1 7-6 8-8 9.9 11.2 12-5 13-6 14-6 15-7 Neuro-M 1.0 2-5 3.9 5-1 6-1 6-7 7-2 7-6 8-0 8-2 8-4 8-7 8-9 blastoma F 1-2 2-1 3-3 4-1 4-7 5-4 5-7 6-0 6-2 6-3 6-6 6-9 7-1 Tot 1P1 2-3 3-6 4-6 5-4 6-0 6-5 6-8 7-1 7.3 7-5 7. (1) Variation of risk as between tumours Table II indicates the reporting of abdominal x-rays by case and control mothers according to the tumour developed by the case child. The numbers of such tumours are shown in the left hand column, followed by the expected and actual numbers of case children irradiated.
(The " expected " numbers here are calculated on the basis of a uniform rate of x-raying amongst all tumour groups.) It will be seen that the agreement is very close.
In the next column are the numbers of control children irradiated in each group, followed, for completeness, by the numbers of pairs in which both case and control were exposed. Next come the relative risks estimated in the manner appropriate for matched pairs (Miettinen, 1970) .
The highest relative risk estimates are for solid tumours and this disposes immediately of the notion that there is anything about radiation that is peculiar to leukaemia. The bone tumours form too small a group for us to be certain about their lower risk, though it is relevant here to observe that they appear later in life, either because of a longer latent period since initiation or because initiation was post natal. We must, in any case, bear in mind that we have singled out a particular group after looking at the data. In the absence of a prior hypothesis about specific tumours, the only valid procedure is to test the homogeneity of the nine groups as a whole; this homogeneity hypothesis is not rejected by a significance test.
Rather more precise estimates of the relative risk may be obtained by pooling the controls and using them all for each tumour group, though the estimates are on a slightly different basis since the pairs are no longer regarded as matched. (2) Variation in risk with age at death
The Oxford Survey has been extended by degrees from the original age range of 0-9 years and questions arise as to whether the children affected later in life are suffering from radiogenic tumours and whether to include them in subsequent analyses. Table III shows the numbers of cases and controls x-rayed separately for haematopoietic and solid tumours and it will be seen that, although there appears to be some tailing off of the effect with age, the numbers are too small to be conclusive about this point. Certainly there is a case for extending the range beyond 9 years of age, but to select a cut-off point on the basis of this table is clearly to bias the resulting totals in favour of a case excess. It is on these grounds that we have decided to examine all ages up to and including 15 for further analyses.
Table III also shows the (cumulative) relative risks of being affected before the age specified, up to and including 9 years. The distributions have been cumulated in this way because interest in the relative risk of dying at a specified age is rather limited. These calculations are not permissible beyond the age of 10 years, since the one year ratios are based on smaller numbers of cases, i.e. those dying in the years 1961-67.
All the relative risk estimates in Table III are crude, in the sense that the cases contributing to each age estimate come from a different combination of birth years. Thus the crude estimates of age-specific risk are confounded with those specific to birth years. To get round this difficulty an analysis has been devised (see Bithell, 1975) which in effect simultaneously standardizes each factor for the other. The components of risk specific to particular years of birth and ages at death are estimated separately, and in practice it is wise to group the standardizing factor more broadly than the factor under study in order to cut down the number of parameters estimated. Thus, the single-year age-specific risks have been estimated while standardizing for year of birth in quinquennia. However, the resulting estimates have very wide confidence limits and show an erratic picture with no obvious trend and no consistency between solid and haematopoietic tumours. Indeed, with a likelihood ratio test it is not possible to reject the hypo- thesis that the risk is the same for all ages. It seems wise, therefore-and certainly saving in space-to group the ages and Table IV shows the same analysis for the ages 0-14 grouped triennially. Again it will be seen that no very obvious picture emerges; it is, moreover, still not possible to detect differences between the age specific relative risks, and this remains true even with the broadest grouping into two groups, 0-9 years and 10-14 years. It is therefore not easy with the present amount of information to be certain as to whether the relative risk does decline in the higher age groups, but certainly the figures obtained cast doubt on the picture emerging from MacMahon's study (based on much smaller numbers of cases) in which negligible risks were found after the age of 7.
It will be seen in (7) below that this analysis produces more interesting results when applied the other way round to the variations over birth year.
(3) Epidemiological factors
It is important to examine, and if necessary to standardize for, factors which could affect either the risk of being x-rayed or the inherent risk of malignancy, so that the possibility of spurious association may be excluded. This is the primary object of this section.
In the first instance, the effect of x-raying is quite consistent between the geneity or linear trend in the x-raying risk, whose standardized estimate remains overwhelmingly significant. The availability of treatment according to region of residence could also be of importance, but in this connection it should be remembered that cases and controls in the Oxford Survey were matched for region of residence at the time of death. Although migration will affect the issue somewhat, there is still a fair degree of matching for type of region during pregnancy. Moreover, as data on the place of birth are not readily available, it is not possible to carry out a more precise analysis. The situation is therefore that the type of region is unlikely to explain a significant component of the observed irradiation risk. Indeed, Table IX shows that the proportions of controls x-rayed and the relative risks are fairly uniform as between A final possibility considered in this section is that x-rayed mothers may be atypical in that they have a higher susceptibility to illness in general, some of which may be associated with an incipient tumour in the foetus. The implication of this argument, which is similar to the one advanced by Fisher (1958) to " explain " the association between smoking and lung cancer in terms of a genetic predisposition, might be that the observed " risk " attributed to pre-natal irradiation is really the effect of selecting the high-risk pregnancies for radiography. Such arguments are notoriously difficult to refute but the Oxford Survey is in a position to examine the extent to which x-raying is associated with morbidity in this particular case. Table X shows the proportions of mothers x-rayed according to the number of illnesses recorded in the pregnancy. It can be seen that, as would be expected, there is indeed a strong association between this rather crude measure of morbidity and the degree of x-raying. Moreover, the risk of cancer among unirradiated mothers which is associated with having a specified number of illnesses There are a number of ways of analysing the exposure data to obtain a quantitative relationship. Figure 1, for example, shows the result of plotting the excess risk against the number of films and fitting a linear weighted regressioni. ( The risks in this analysis were computed as independent estimates, exploiting the matching by eliminating pairs where both case and control were x-rayed.) It will be seen that the regression line passes virtually through the origin (the intercept being 0 066 ± 0-12) and has a slope of 0-180 ± 0-06. If we constrain the curve to go through the origin and take logs we can estimate the degree, or power-law index, of the relationship as 1P06 ± 0 27, a result not very different from the 0 915 ± 0.329 obtained by Stewart and Kneale (1970) in a more extensive analysis that allowed for the variation of exposure with time. The evidence is therefore very convincing that the relationship between risk and the number of films is linear.
Other authors have adopted different approaches. Newcombe and McGregor (1971) , for instance, argue in effect that becauLse of the width of the confidence intervals for the risk estimates, relationships other than the linear cannot be precluded. Holford (1974) , however, counters this point of view by an analysis based on the statistical concept of support" for a hypothesis and concludes what might be expected from Fig. 1 , that the linear hypothesis is much the rnost " likelv ". The more classic theory of significance testing gives essentially the same result, i.e. fittinig a quadratic curve gives a fit which is not significantly better.
Attempts to estimate the radiation dose per film and so devise a genuine dose-response curve are frustrated by the shortage of reliable information and the fact that improvements in obstetric techniques have probably led to marked reductions in dose per film over the period of the study. The calculations of Stewart and Kneale (1970) (Jablon and Kato, 1970) . Follow-up to the age of 10 years revealed only one case of malignant disease in children in utero at the time of the explosions, and this is several times smaller than would be predicted by extrapolating the Oxford Survey estimate on a linear dose-response line.
However, it is clear that the statistical error in the latter estimate is unimportant beside the uncertainty about the actual dosage in ante-natal diagnostic radiography. Mole (1.974) reviews the situation and concludes that " the upper limit of the risk derived from Japanese data for bomb irradiation can then be regarded as compatible with the estimates for diagnostic radiography but only if all the assumptions in the calculations are chosen with that intent". Moreover, he then questions these assumptions in the light of radiobiological knowledge about cell sterilization and the resultant non-linearity of the dose-response curve.
At all events, the biological insult restulting from the Japanese explosions was so different in character from the effect of diagnostic radiography that it requires a formidable set of assumptions to infer from the absence of a small number of Japanese cases that the very reasonable results of the Oxford Survey are entirelv artefactuial. this is due entirely to the first trimester, the difference between the second and third not being statistically significant. It will be seen from the last column of Table XII , however, that the differences in risk estimates are at least partly due to larger exposures.
It is noteworthy that 2 of the 38 cases x-rayed in the first trimester developed tumours of the female genital organs. These occur generally as only 0.6% of all tumours in children so that the expected number out of 38 would have been only 0-23. This is a highly selected item of information, however, and a general test over the whole range of tumours and stages of pregnancy shows no association between them. The reasons for the diagnostic x-rays were ascertained both from the mothers' interviews and also from the hospitals' records, which were available for about 65% of both cases and controls. The great majority of the examinations were for obstetric reasons, as may be seen from Table XIII . It should be remembered that actual twins are excluded from this table so that the first row (suspected twins) applies to singleton births. At first sight the relative risk of 1 14 in this row appears to be very low, but reference to the last column shows that this reason for x-ray involves only 1 5 films per case on average and the observed risk is not significantly less than would be predicted by the figures in Table XI for this dosage. Table XIII also explains in terms of dose the higher risks associated with pelvimetry and certain non-obstetric investigations; in addition, one can see that the latter take place more frequently in the first trimester, with its high associated risk (Table XII) . The hyperemesis category appears to have a particularly high risk. Typically, such patients were investigated by barium meals or cholecystograms; the probability is that these were all carried out before pregnancy was suspected.
A x2 test of the risks in Table XIII gives 20-0 with 6 d.f. and indicates highly significant variation.
(7) Date of birth As discussed in (2) above, it is necessary to take account of the different ages represented when analysing the cohort or date of birth effect. The same analysis as was used for the age effect was used to standardize for age in five 3-year groups with the results shown in Fig. 2 . The graphs show a remarkable consistency between the haematopoietic and solid tumours and the overall picture is clearly one of declining risk. An interesting possibility is that there was a remission in this general decline in the mid-fifties but although the effect looks genuine, the eye is deceived by the correlations between the time points. (This effectively means that there is less information and more variability than if the observations were independent and consequently an effect which looks statistically significant may in fact not be so.) A weighted regression does in fact suggest that the rise is not significant and the linear trend-line shown in Fig.  2(b) gives an adequate fit to the data.
That is not to say that it is satisfactory for extrapolation, since it predicts a negative risk due to x-raying after 1967 . But it appears at the moment that the risk has diminished to the point where it might be quite difficult to detect in the future.
The general picture of varying risks shown by Fig. 2 accords well with the results of Stewart and Kneale (1968, Fig. 2) obtained by an entirely different method. The present analysis extends the range of birth years considered and, of course, includes the older children omitted from the earlier calculations.
It is interesting to examine possible reasons for the decline in risk, and two obvious possibilities arise. In the first place, the radiation dose per film exposed has probably declined over the years in Great Britain (Stewart and Kneale, 1970) , though some doubt persists about whether American experience is as favourable (Landau and Stewart, 1974) . Secondly, the actual number of film exposures per investigation has declined significantly (see Fig. 3(a) ). per annum in a regression which gives a highly significant F-ratio of 28 with 1 and 9 d.f.
Finally, Fig. 3(b) shows the frequency of obstetric x-raying over the years. These estimates are confounded with any possible age effect-due, for example, to a memory factor-in exactly the same way as the estimates of relative risk.
However, Kneale (1971) has shown that age at death has remarkably little effect on the frequency of x-ray reporting, while the differences between the birth cohorts are highly significant. His analysis applies only to deaths under 10 years of age before 1966; it is still too early to assess the rates since then, and the sharp increase to 16% shown in Fig. 3(b) may well be a result of sampling fluctuation.
DISCUSSION
As has been intimated above, it is logically impossible to conclude for certain from epidemiological observations that a particular association is causal in a specified direction. It is also true that a retrospective study inevitably involves difficulties not shared by prospective investigations. That is not to say that the retrospective study is worthless for it has enormous potential in terms of information.
What we have tried to do in this paper is to present the Oxford dataunique as they are-fairly and systematically. It is true that when the risks are standardized for various epidemiological factors a small reduction in the estimates results; yet this is quite insufficient to " explain " the radiation association completely. Moreover, as pointed out by Mole (1974) , the fact that the excess mortality in twins is very similar to that in singletons, despite the very different irradiation rates, militates strongly against the possibility of the x-ray excess being due to selection of pre-disposed cases for x-raying. A genuine causation would be more convincing and perhaps more in line with prior expectations if the irradiated cases exhibited more differences from the unirradiated, especially as regards age and tumour type. Yet the absence of such differences is not inherently detrimental to the radiation risk hypothesis, especially if we surmise that the great majority of childhood tumours, as yet unexplained in aetiological terms, are initiated in utero by a process similar to the molecular effects of low-level radiation.
Moreover, against any doubts about the carcinogenic effect of obstetric radiography may be set the extremely plausible relationship between the risk and the number of films. Indeed, all the attributes of the irradiation process the reason, the timing and the year, as well as the presumed dose-give much convincing supplementary support to the radiation-risk hypothesis, being as they are so well in accord with prediction. Certainly a complete explanation of the Oxford data in other terms would need a most elaborate and ingenious set of assumptions.
Finally, it may be remarked that the simplest model of radio-carcinogenesis -that of a Poisson process representing discrete cellular accidents-would definitely predict a low-level effect of irradiation. The existence of a threshold requires altogether more extensive assumptions, incorporating the ideas not only of multiple-hit processes but also of repair capability. One is therefore in the usual Occam's razor situation of accepting not so much a final proof as the simplest and most obvious implication: that any radiation is potentially carcinogenic and that the risk per rad for in utero exposure is roughly in line with that implied by the Oxford Survey.
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